Background. Winter-seasonal epidemics of pneumococcal disease provide an opportunity to understand the drivers of incidence. We sought to determine whether seasonality of invasive pneumococcal disease is caused by increased nasopharyngeal transmission of the bacteria or increased susceptibility to invasive infections driven by cocirculating winter respiratory viruses.
the nasopharynx [4] . Carriage prevalence and acquisition rates vary seasonally, with peaks in wintertime [5] [6] [7] . Once a person is colonized with pneumococcus, the likelihood that invasive pneumococcal disease (IPD) will develop depends on the virulence of the strain and host susceptibility [4, [8] [9] [10] . Host susceptibility is influenced by seasonal factors, including recent infections with influenza, respiratory syncytial virus (RSV), or other respiratory viruses [11] [12] [13] [14] . Likewise, environmental conditions, such as decreased sunlight and dryness, might affect immunity or the integrity of the respiratory mucosa [1] .
In this study, we sought to determine how seasonal variations in bacterial carriage and respiratory virus activity influence the seasonal epidemics of IPD. We hypothesized that if seasonality of pneumococcal disease incidence is driven by increased bacterial transmission, then prevalence or density of nasopharyngeal carriage should increase around the same time and with a similar magnitude as disease incidence. In contrast, if incidence is primarily driven by increased host susceptibility, then disease incidence would increase independently of carriage and might be associated with respiratory virus activity. We used a unique collection of pneumococcal carriage and invasive disease data from the Navajo and White Mountain Apache (WMA) populations to test these hypotheses.
MATERIALS AND METHODS

Data Sources
We analyzed data from 4 sequential nasopharyngeal carriage studies conducted among the Navajo and WMA populations in the southwestern United States ( Table 1 ). The details of the study objectives and designs have been described elsewhere and are summarized here briefly [6, 15, 16] . All 4 studies were community-based and focused on the evaluation of pneumococcal conjugate vaccine (PCV) effects among children. Study 1 was a randomized controlled trial designed to evaluate the direct and indirect effects of 7-valent PCV on nasopharyngeal colonization in vaccine recipients and their siblings (1998-2000) [15] . Study 2 examined the duration of the nasopharyngeal carriage effect in children and adults in those same communities shortly after the licensure of PCV (2001) (2002) [16] . Study 3 examined the long-term effects of routine use of 7-valent PCV in children and adults in these communities with 6 consecutive monthly nasopharyngeal sample per person (2006) (2007) (2008) [6] . Study 4 examined the effects of 13-valent PCV on pneumococcal carriage and invasive disease among children and adults (2010-2012; unpublished) . All the analyses presented here focused on children <7 years old. We also conducted analyses stratified by pediatric age group, <2 and 2-6 years old, and found no significant differences in the seasonal patterns of carriage.
All studies received ethical approval from the institutional review boards at Johns Hopkins School of Public Health, the Navajo Nation, and the Indian Health Service, Phoenix Area, and from the Navajo and WMA tribes. Parents or guardians of children enrolled in the carriage studies provided written informed consent.
Pneumococcal disease and viral activity data were obtained from 2 sources: the monthly number of IPD cases was derived from population-based active bacterial surveillance conducted at health facilities serving the Navajo and WMA reservations, as described elsewhere (1996-2012) [17] ; IPD cases were divided into those with and those without a diagnosis of pneumonia. Those without a diagnosis of pneumonia had the following clinical syndromes (not mutually exclusive): bacteremia without focus (49%), bacteremia (10%), fever or febrile illness (29.3%), otitis media (25%), meningitis (19%), and other syndromes (eg, urinary tract infection, septicemia, cellulitis, dehydration, gastroenteritis, osteomyelitis, arthritis, viral syndrome; <5% each).
As a proxy for viral activity, we used weekly hospitalization data drawn from the State Inpatient Databases (SIDs) of the Healthcare Cost and Utilization Project, maintained by the Agency for Healthcare Research and Quality, through an active collaboration. This database contains a census of hospital discharge records from community hospitals in participating states [18] . For the primary analyses, we included only SID records from the 3 counties in northeastern Arizona that account for the majority of the Navajo reservation (Apache, Navajo, and Cococino counties). We determined the weekly incidence of hospitalizations among children <5 years old for bronchiolitis (International Classification of Diseases, Ninth Revision [ICD-9] code 466), which has been shown to be a good proxy for RSV activity [19] , and influenza (ICD-9 code 487.0-487.9) (Supplementary Figure 1) . There was a strong association (Spearman ρ = 0.89) between weekly bronchiolitis admissions from the SID and the weekly number of bronchiolitis cases among children <3 years old presenting to a Navajo/WMA Indian Health Service facility (Supplementary Figure 1 ). The SID data were used because they covered the entire study period, as opposed to the Indian Health Facilities data, which lacked several years (Supplementary Figure S1) . For confirmatory analyses, we used the SIDs from 8 states (Arizona, California, Colorado, Iowa, Illinois, New Jersey, Washington, and Wisconsin) from 1989-1990 to 2008-2009 and focused on ICD-9 diagnoses of pneumococcal pneumonia (code 481) and pneumococcal septicemia (code 038.2).
Definitions of Pneumococcal Carriage Prevalence, and Carriage Density
Monthly pneumococcal carriage prevalence was defined as the number of swabs samples positive for pneumococcus divided by the total number of swab samples collected that month. Data from all 4 studies were used to estimate seasonal variations in carriage prevalence among children in the community.
Data on colonization density were available from study 1. Density of colonization was measured on a semiquantitative 4-point scale after inoculation of the plate with 10 µL of skim milk, tryptone, glucose, and glycerin (STGG) media, as described elsewhere [15] ; 1 indicated <25 colonies on the plate, 2 indicated 25 to <100 colonies, 3 indicated ≥100 colonies but not confluent growth, and 4 indicated confluent growth. For our analyses, categories 1-3 were considered low density and category 4, high density.
Association Between Disease, Carriage, and Viral Activity
Monthly carriage prevalence, carriage density, and monthly disease incidence were estimated using regression models (details in Supplementary Appendix). To test for univariate associations between pneumococcal carriage and disease, we estimated the Pearson correlation coefficient between the monthly modeled carriage prevalence and monthly modeled number of IPD cases with or without pneumonia presentation.
We also tested for associations between carriage and disease while estimating the importance of viral activity and controlling for other shared seasonal factors. We fit 2 Poisson regression models, with or without a predictor for respiratory virus activity (details in Supplementary Appendix). The outcome variable was either observed monthly cases of bacteremic pneumonia or cases of nonpneumonia IPD in children <7 years old since 1996-1997, and the predictors were observed monthly carriage prevalence, dummy variables for PCV periods, and 12-and 6-month sine and cosine terms to represent background seasonal factors. The alternative model added a term for monthly bronchiolitis incidence (a proxy for RSV activity) and included interpolated carriage data for years that had bronchiolitis and pneumococcal disease data but no carriage survey (Supplementary Appendix). The 95% confidence intervals (CIs) were obtained by using a seasonal block bootstrap [20] with 1000 replicates.
RESULTS
Seasonal Fluctuations in IPD
The incidence of IPD exhibited significant seasonal variation in children <7 years old, with peak IPD incidence occurring in late autumn ( Figure 1A ). Interestingly, the seasonal incidence patterns differed between bacteremic pneumonia and nonpneumonia IPD cases, with pneumonia diagnoses peaking in midwinter and nonpneumonia cases peaking in the autumn ( Figure 1B) . This difference was statistically significant (interaction term between disease presentation and month of the year, P < .001).
Given the small total number of IPD cases, we sought to confirm these patterns by using data from a larger database. Therefore, we evaluated the seasonal variations in hospitalizations owing to pneumococcal pneumonia or pneumococcal septicemia in 8 states in the United States. The incidence of these clinical diagnoses followed a pattern similar to those for invasive disease incidence among the Navajo-earlier increases in pneumococcal septicemia and later increases for pneumococcal pneumonia (Supplementary Figure 2) . 
to increase in August and September, remained high through the autumn, and peaked in December. Carriage prevalence then declined in January and February (Figure 2A) . Even during the lowest months, average carriage prevalence remained >50%. Interestingly, the seasonal increase in carriage prevalence was driven entirely by increases in the prevalence of high-density colonization episodes ( Figure 2B ). This was particularly pronounced in November, when 48.5% (95% CI, 41.3%-55.6%) of those tested were colonized at a high density, compared with 29.7% (95% CI, 23.0%-36.3%) in July. In contrast, the prevalence of low-density colonization was relatively constant through the year ( Figure 2B ). Seasonal variations in the carriage acquisition rate were comparable to the variations in carriage prevalence (Supplementary Figure 4) .
Univariate Associations Between IPD Seasonality and Carriage
Model predictions of monthly carriage prevalence were well correlated with model predictions of monthly disease incidence (ρ = 0.79; 95% CI, .36-.93). Because the seasonal disease curves differed by presentation, we then compared monthly carriage prevalence with monthly incidence of bacteremic pneumonia and nonpneumonia IPD (Figure 3) . The association between carriage prevalence and IPD without a pneumonia diagnosis was strong (ρ = 0.87; 95% CI, .56-.96), whereas the relationship between carriage prevalence and bacteremic pneumonia was weak (ρ = 0.34; 95% CI, −.31-.76).
Contribution of Carriage and Viral Activity to Seasonal Variations in IPD Incidence
Carriage, IPD, and viral activity all vary seasonally and will therefore probably be highly correlated. To obtain accurate estimates of the relationships between them, it is necessary to use regression models that control for these shared seasonal variations [11, 12] . We first evaluated the association between observed monthly carriage prevalence and observed monthly cases of bacteremic pneumonia or nonpneumonia IPD. When carriage data from all 4 surveys were included, there was a borderline association between seasonal increases in carriage prevalence and the incidence of nonpneumonia IPD cases (attributable percentage, 25.6; 95% CI, −4.4% to 46.7%). In contrast, there was no association between carriage prevalence and bacteremic pneumonia cases (attributable percentage, -42.4%; 95% CI, −199% to 50.2%). A similar pattern is observed with data from just the period before 13-valent PCV (studies 1-3; nonpneumonia IPD attributable percentage 27.3% [95% CI, −11.1% to 51.6%; bacteremic pneumonia attributable percentage, −45.4% [−255 to 71.2]).
Next, we built on this model by adding a predictor for bronchiolitis incidence (a marker of RSV activity, available only for the years before 13-valent PCV) and interpolating carriage prevalence values for seasons that lacked data. Increases in bacteremic pneumonia were associated with bronchiolitis incidence (attributable percentage, 15.5%; 95% CI, 1.8%-26.1%) but not with variations in carriage prevalence (attributable Figure 3 . Comparison of the relative monthly variations in carriage prevalence (dotted line), bacteremic pneumonia (light gray solid line), and nonpneumonia invasive disease (dark gray solid line) among children <7 years old. Disease curves represent incidence rate ratios relative to July, and carriage curves represent risk ratios for carriage relative to July. Numbers represent changes at the peaks (ratios) relative to July. Figure 2 . A, Estimated pneumococcal carriage prevalence in each month among <7 year olds. B, Estimated prevalence of high-and low-density pneumococcal carriers among all individuals with swab samples in study 1. The markers indicate the average monthly prevalence, controlling for age and vaccination period. Estimates were calculated using generalized estimating equations (controlling for repeated sampling of individuals; A) and generalized logit regression (±95% confidence intervals; B).
percentage, −23.8%; 95% CI, −111% to 38.2%). In contrast, increases in nonpneumonia IPD cases were associated with seasonal variations in carriage prevalence (attributable percentage, 31.4%; 95% CI, 8.8%-51.4%) but not with bronchiolitis incidence (attributable percentage, 8.0%, 95% CI, −4.8% to 19.3%). We also tested whether variations in influenza activity were associated with increases in bacteremic pneumonia or nonpneumonia IPD. However, there was no significant effect, and influenza was dropped from the final model.
As a sensitivity analysis, we ran the model while excluding IPD cases with a syndrome of meningitis or otitis media from the model. The estimate for the attributable percentage of carriage did not change appreciably after exclusion of meningitis (28.0%; 95% CI, −.1% to 49.8%) and was modestly lower after exclusion of invasive disease cases that were also associated with otitis media (18.6%; 95% CI, −12.5% to 51.6%).
DISCUSSION
We have shown that both pneumococcal carriage prevalence and invasive disease incidence vary seasonally among children in the Navajo and WMA populations. Unexpectedly, the seasonal epidemics of bacteremic pneumonia and nonpneumonia IPD cases occurred at different times. Seasonal variations in the occurrence of nonpneumonia IPD cases were associated with changes in carriage prevalence, whereas seasonal variations in bacteremic pneumonia were associated with changes in RSV activity (bronchiolitis). These results suggest that although carriage might be necessary to cause pneumococcal pneumonia, it is not sufficient-a viral infection (or some other seasonal risk factor) is also required (Figure 4) .
Few studies have explicitly examined the link between seasonal variations in carriage and disease for pneumococcus. Hodges and MacLeod [2] identified coincident curves of carriage and pneumococcal disease among Army recruits during World War II, and our findings largely support this link for nonpneumonia IPD in children. Our finding of shared seasonality of bronchiolitis (an RSV surrogate) and invasive pneumonia is consistent with the finding of Stensballe et al that RSV increased the risk for IPD [21] .
The seasonal increase in carriage prevalence is consistent with findings in several previous studies [7, 22] . In contrast, other studies have not detected any seasonal variations in carriage prevalence [23, 24] . The reason for these discrepancies between studies could be related to year-to-year differences in the magnitude of seasonal variations. This is evident in our own data, which showed substantially more seasonal variation in 2006-2007 than in 1998-1999 (Supplementary Figure 5) . Further studies in other populations and other climatic zones will be required to support our hypotheses and to determine whether the relationships between carriage, viral infections, and different pneumococcal syndromes can be generalized to other settings.
An important issue with public health implications is how vaccine-induced changes in pneumococcal carriage will affect disease incidence. Our results suggest that changes in carriage prevalence are sufficient to drive changes in the incidence of nonpneumonia invasive infections. Therefore, we might expect to observe a direct relationship between vaccine-associated changes in carriage and changes in nonpneumonia IPD, with the change dependent on the invasiveness (case-carrier ratio) of the serotypes [25] . In contrast, changes in carriage are not sufficient to influence invasive pneumonia incidence-a secondary infection or other seasonal risk factor might also be necessary. Therefore, there might not be a direct relationship between postvaccine increases in nonvaccine serotypes in carriage and disease. In particular, we might expect that the invasiveness of the serotype being carried might be less important for invasive pneumococcal pneumonia than for nonpneumonia IPD. Such an effect could explain why increases in disease caused by nonvaccine serotypes (serotype replacement) have been more pronounced for bacteremic pneumonia than for other invasive presentations [26] .
Studies in animals demonstrate that infection with influenza increases transmission and shedding of pneumococcus in addition to increasing susceptibility to pneumococcal disease. If influenza, RSV, or other viruses play an important role in increasing transmission, we might expect to see higher carriage prevalence during periods of intense viral activity. We did not detect any such changes in carriage related to influenza or RSV. The seasonal peak in carriage prevalence and carriage density occurs in the late autumn, before influenza and RSV peak in this population. Because we did not detect any effect of viral infections on carriage, we expect that viral infections primarily increase susceptibility to secondary bacterial infections, rather than enhance bacterial transmission, at least in children.
Intriguingly, our study identified a strong relationship between bronchiolitis (a marker for RSV activity) and pneumococcal pneumonia but not between influenza and pneumococcal pneumonia. This could result from the pediatric age distribution used in our analyses. Based on the ICD-9 codes, there were 10 times more RSV hospitalizations than influenza hospitalizations among children <5 years old in the Navajo region of Arizona. Influenza might also have some capacity to increase the risk for pneumococcal disease in this age group, but previous studies have estimated that the influenza attributable percentage in the United States is low (<10%) [11, 12] , limiting our ability to detect an association.
The increase in pediatric carriage prevalence (and total disease incidence) that occurs in August and September suggest that school terms might play a role. The link between school terms and disease dynamics has been established for other infectious diseases, including pandemic influenza [27] and measles [28] .
Our study has several limitations. Its design was not optimal to detect an association between carriage and disease. Carriage data were available for fewer years than disease data, and the number of disease cases in a given year was relatively small. The interpolation of carriage data for years without available observations was a compromise that allowed us to fit a full model that controlled for viral activity. This interpolation, though, might lead to underestimation of the true impact of carriage. This method is also relatively insensitive to fluctuations in carriage that occur over short periods (weeks) or in small geographic areas, such as within a family or daycare center. Such small-scale variations might nonetheless be important for increasing disease risk. We also assumed that disease is always preceded by carriage, a well-supported assumption [29] . It is possible, however, that the correlation between carriage and IPD simply reflects shared seasonal risk factors (eg, decreased immune function). Furthermore, there was not sufficient power to compare seasonal patterns across different IPD serotypes, an issue that has not been addressed, to our knowledge. Finally, because there is a lack of viral surveillance data in this population, we used bronchiolitis hospitalizations as a surrogate for RSV activity, an approach that has been validated elsewhere [19, 30, 31] . In our hospitalization data set, there was a strong correlation between hospitalizations coded as bronchiolitis and as RSV (r 2 = 0.86). However, the diagnosis of bronchiolitis probably includes disease caused by other respiratory viruses. In summary, based on unique multiyear carriage and disease data from the Navajo and WMA pediatric populations, we identified a relationship between autumn seasonality in carriage prevalence and nonpneumonia IPD, and between the winter increase in RSV activity and bacteremic pneumonia.
Furthermore, seasonal variations in carriage prevalence were driven by increases in high-density colonization episodes. Going back to our initial hypothesis, we conclude that increases in bacterial transmission and respiratory virus activity are probably 2 independent drivers of IPD seasonality, but, contrary to our expectations, they might affect different disease presentations. This work sheds new light on the drivers of seasonal variations for an important bacterial pathogen and provides information that may be help in understanding and predicting vaccine impacts.
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